Background {#Sec1}
==========

Dietary intervention and regular physical exercise are principal behavioral changes that reduce the individual risk of developing certain cancers \[[@CR1], [@CR2]\]. Despite the association of dietary and activity-based behaviors with cancer incidence, the causal relationship between these behaviors and cancer induction and progression remains unresolved.

One possible mechanism underlying the association of diet with cancer development involves a direct relationship between increased total body adipose and high infiltration of inflammatory cells, such as T helper 1 (Th1) lymphocytes and M1 macrophages, into tissues prone to carcinogenesis \[[@CR3]--[@CR5]\]. Moreover, a decrease in T-regulatory (Treg) cells involved with the suppression of activated immune cells has been reported in obesity \[[@CR6]\]. Recent studies have provided further support for the involvement of inflammatory pathways in melanoma tumor progression and have called particular attention to the generation of reactive oxygen species (ROS) and their role in tumorigenesis \[[@CR7], [@CR8]\].

The adipocyte-secreted hormone, leptin, stimulates Th1 proliferation and inhibits Treg cell function and, therefore, could be an important effector of obesity-based immune dysfunction, thereby increasing cancer risk \[[@CR4]\]. Other mechanisms involve changes in the profile of infiltrated immune cells in adipose and tumor tissues that may contribute to tumor progression \[[@CR9], [@CR10]\].

The anti-tumor actions of individual cellular components of the immune system have been extensively documented and used as a base for new cancer treatments, including the class of drugs known as anti-programmed cell death protein 1 (PD-1) inhibitors \[[@CR11], [@CR12]\]. Treatments such as PD-1 inhibition and stimulation of antigen-specific cytotoxic responses to tumor cells can result in enhanced inflammation in the tumor tissue and a generally salutary response to treatment \[[@CR13]\]. However, a balanced immune system response is essential for a positive outcome, because the beneficial effects of tumor inflammation may be countered and negated by the pro-tumorigenic effects of an uncontrolled inflammatory response favoring the growth of tumor cells, rather than their destruction. Some of these pro-tumorigenic signaling pathways of the inflammatory response can augment tumor progression via the activation of specific transcription factors, including signal transducers and activators of transcription STAT 3 and nuclear factor NF-kB \[[@CR14]\], in tumor cells. STAT3 activation can promote increased expression of the anti-apoptotic protein Bcl-xL, which permits the survival and continued growth of tumor cells. NF-kB is the major activator of the immune response and inflammation. Its activation increases the expression of chemokines and inflammatory cytokines, thereby increasing leukocyte infiltration, growth factor secretion, and adhesion molecule expression to enhance both tumor angiogenesis and metastasis \[[@CR15]\].

In addition to dietary changes that can alter cancer risk via changes in the immune system, the level of physical exercise can also reduce individual cancer risk by altering leukocyte response. Among the factors mediating the link between exercise and low cancer risk is the modulation of certain proinflammatory mediators, including tumor necrosis factor (TNF)-alpha, monocyte chemoattractant protein 1, plasminogen activator inhibitor-1, IκB kinase, and NF-kB, and other growth factors and hormones, including adiponectin and interleukin (IL)-10 \[[@CR16]\]. Some authors \[[@CR17], [@CR18]\] have suggested that exercise training can promote an increase in metabolic activity, lysosomal enzyme activity, peritoneal macrophage phagocytic activity and also an increased cytotoxic capacity of natural killer (NK) cells. Momesso et al. \[[@CR19]\] demonstrated that obesity promotes an imbalance in the immune system function characterized by elevated lymphocyte proliferation due to a decrease in the percentage of Treg cells, and these effects were partially reversed by moderate physical exercise.

Estimates from the National Cancer Institute \[[@CR20]\] show that the number of new cases of melanoma in the United States was 22.2 per 100,000 inhabitants per year between 2012 and 2016. The number of deaths was 2.5 per 100,000 inhabitants per year. Data from 2014 indicate that 1169,351 people lived with melanoma in the United States. In 2019, it was estimated that there would be 96,480 new cases of skin melanoma and that 7230, people would die due to this disease in the United States. Multiple factors are involved in the progression of this cancer, ranging from the genetic background of the host and the genetic and phenotypic makeup of the tumor to epigenetic influences on tumor growth and its interactions with the surrounding microenvironment \[[@CR21]\]. Modulation of the microenvironment by direct cell contact with the tumor or by secretion of proteins and exosomes \[[@CR22]\] promotes reciprocal changes in the tumor phenotype, allowing the acquisition of aggressive features, such as uncontrolled proliferation, evasion from growth suppressors, escape from the immune response, induction of inflammation, angiogenesis, genomic instability, mutations, resistance to cell death, invasion, and metastasis \[[@CR23]\].

During obesity development, physiological function of augmented adipose tissue is altered leading to increased adipokines secretion such as leptin and TNF-alpha. In studies performed in humans, it has been observed that mesenteric adipose tissue has high relationship with the metabolic complications related to obesity due to elevated level of inflammatory profile in this local in comparison to other tissues \[[@CR24]\]. Mesenteric lympho nodes are the main lymphoid organs where occur lymphocyte proliferation, differentiation and dissemination and are susceptible to alterations in adipose tissue. The peripheral lymphocytes located in these organs can be differentially altered, favoring the inflammatory response in other tissues and facilitating the tumor growth. Therefore, the present study aimed to investigate the effects of high-fat diet and moderate physical exercise program on tumor non-infiltrated lymphocytes in C57BL-6 mice with melanoma.

Methods {#Sec2}
=======

Animal treatment {#Sec3}
----------------

All experiments were approved by the Ethics Committee for Animal Experimentation of the Cruzeiro do Sul University and conducted according to experimental protocols approved in Brazil (Ethics Committee for Animal Experimentation 001/2014). All experiments were performed in accordance with relevant guidelines and regulations.

Female C57BL/6 mice (*n* = 80, 6 weeks of age) were purchased from the School of Medicine, University of Sao Paulo (Sao Paulo, Brazil). Five animals were housed (cage dimensions: 27 × 17 × 13 cm) in a controlled environment with a light-dark cycle of 12--12 h and temperature of 23 °C ± 2 °C. Previous studies showed that B16F10 murine melanoma growth and progression can occur equally both in male \[[@CR25]\] and female \[[@CR26]--[@CR30]\] C57BL/6 mice. The protocol of the present study was based in the studies of Correa and colleagues \[[@CR28]\] and Bachi et al. \[[@CR26], [@CR27]\], that maintained the use female C57BL/6 mice strain in the in vivo experiments.

Initially, the animals were divided into four groups: 1) normolipidic diet (N), 2) normolipidic diet + physical exercise protocol (NE), 3) high-fat diet (H), and high-fat diet + physical exercise protocol (HE). These regimens were continued for 8 weeks. Afterwards, B16F10 melanoma cells (1 × 10^5^ cells per 100 μL) were implanted in animals from each of the four groups. Sterile phosphate-buffered saline (PBS) equivalent to the volume of melanoma cells (melanoma control) was injected in control group. Therefore, the final experimental protocol comprised eight groups: 1) normolipidic control (N), 2) normolipidic + melanoma (NM), 3) high-fat control (H), 4) high-fat+ melanoma (HM), 5) normolipidic control + physical exercise (NE), 6) normolipidic melanoma + physical exercise (NEM), 7) high-fat control + physical exercise (HE), and 8) high-fat melanoma + physical exercise (HEM). The experiments were performed three times resulting in a final number of animals described in the figure legends.

For tumor growth analysis, mice were evaluated until the 31st day after melanoma induction. In relation to the other analysis, the animals were euthanized on the 21st day after melanoma induction, because until this time point all animals were alive.

Mice were divided into groups according to diets containing different amounts of lipids. The normolipidic diet contained 10% of energy from fat, whereas the high-fat diets provided 60% of energy from lipids. The detailed composition of the diets is shown in Table [1](#Tab1){ref-type="table"}. Table 1Diet compositionIngredients (g/kg)NHStarch465.7115.5Sucrose100100Casein140200Soybean oil435Lard36315Energy10.622.5*N* normolipidic diet, *H* high-fat diet

Melanoma induction {#Sec4}
------------------

The melanoma induction was performed as described by Bachi et al. \[[@CR27]\] and Correa et al. \[[@CR28]\]. Subconfluent monolayers of B16F10 melanoma cells were harvested after trypsin treatment, counted, and resuspended in RPMI-1640 culture medium enriched with 2 mM glutamine, 24 mM sodium bicarbonate (NaH~2~CO~3~), 20 mM HEPES, 10% fetal bovine serum (FBS), and antibiotics (1000 U/mL penicillin and 1000 μg/mL streptomycin). B16F10 (1 × 10^5^ cells per 100 μL) were subcutaneously injected in the left hind limb of mice at the eighth week of diet treatment and/or physical exercise training. Animals were maintained under the same treatment as described before and checked daily for tumor development. Tumor growth was monitored three times per week, and the tumor volume was determined as follows: \[maximum diameter × (minimum diameter)^2^\]/2 \[[@CR31]\]. Mice with a subcutaneous mass greater than 20 mm^3^ were considered positive for the presence of tumors.

Exercise protocol {#Sec5}
-----------------

Animals were trained on a treadmill with individual lanes designed for small animals, without electrical stimulation (Insight, São Paulo, Brazil). The trained groups performed moderate physical exercise from the first week (6-week-old mice) until the tenth week of the experiment. Mice were subjected to treadmill adaptation three times a week, 10 min per day during the week before beginning the experiment. Animals were subjected to treadmill adaptation at a speed of 0.5 km/h. Afterwards, the animals were randomly assigned to trained and untrained groups.

The intensity of the exercise training was determined according to an acute incremental exercise test on the treadmill \[[@CR32]\]. Briefly, the exercise intensity was increased by 3 m/min (beginning with 8 m/min) every 3 min, at 5% of inclination, until exhaustion (defined by the inability to maintain running speed). The maximal speed was used to calculate moderate physical exercise intensity corresponding to a percentage of 45--55% of maximal speed. The training regimen was conducted over 10 weeks, five times a week, 1 h per day, at 5% grade. This protocol comprised 10 min of warm-up at 45% of the maximum speed, followed by 20 min at 50% of maximum speed; 20 min at 55% of the maximum speed; and 10 min at 45% of the maximum speed. All animals were trained between 10:00 a.m. and 02:00 p.m.. Sedentary mice were submitted to similar stress condition as exercised animals. Therefore, mice were exposed to a stationary treadmill during the same period of daily training.

To evaluate the effectiveness of the training program, sedentary and exercised mice were subjected to the incremental load test \[[@CR33]\] on the treadmill during the first, fourth, and eighth weeks of the study. This test provided the total distance, total time, and maximal speed run for each animal.

Body weight and food intake {#Sec6}
---------------------------

All animals were weighed on a digital scale every week throughout the experimental period. Animal body weight gain was calculated as follows: final body weight − initial body weight.

Food consumption was also measured throughout this period. For this purpose, known amounts of food were placed in each cage, and the remaining food pellets were weighed on a digital scale three times a week. Retroperitoneal and subcutaneous adipose tissues were collected and weighed at the end of the experimental protocol for calculating the final adiposity.

Lee index was calculated by cubic root of body weight in gram divided by naso-anal length in centimeters \[[@CR34], [@CR35]\].

Muscle citrate synthase enzymatic activity {#Sec7}
------------------------------------------

Soleus muscle samples (100 mg) were homogenized in 1 mL extraction buffer (pH 7.4) containing 50 mM tris-aminomethane and 1 mM ethylenediamine tetraacetic acid (EDTA). The tubes were kept on ice for 10 s, homogenized, and centrifuged (14,000×*g* for 1 min at 4 °C) for the separation of cellular debris. The supernatant was used for the analysis of citrate synthase enzymatic activity. TritonX-100 (0.05% v/v) was added to 1.0 mL of the final volume. Citrate synthase activity was assayed as described by Alp et al. \[[@CR36]\].

Serum leptin levels {#Sec8}
-------------------

Plasma leptin levels were determined using the mouse leptin ELISA Kit from ThermoFisher Scientific (Waltham, MA, USA), according to the manufacturer's instructions. Plasma samples were diluted 1:20 to avoid exceeding the standard curve.

Extraction of lymphocytes from mesenteric lymph nodes {#Sec9}
-----------------------------------------------------

Cells from mesenteric lymph nodes were extracted by pressing tissues against a steel mesh, as described by Ardawi and Newsholme \[[@CR37]\]. Briefly, after collecting the lymph nodes, adipose tissue was carefully removed from the node to prevent contamination of the lymphatic tissue. The lymphoid tissues were then pressed into a stainless steel mesh in the presence of PBS (pH 7.4) to liberate the lymphocytes. The suspension containing PBS and lymphocytes was filtered through 70-μM nylon cell strainers and centrifuged at 250×*g* for 10 min at 4 °C.

T-regulatory (Treg) and Th-17 cell counting {#Sec10}
-------------------------------------------

The percentage of Treg cells (CD4+, CD25+, and FoxP3+) was determined by incubating the lymphocytes (1 × 10^6^ cells) with anti-CD4 (PerCP-Cy5.5) and anti-CD25 (APC) antibodies for 30 min. Cells were fixed (1% formaldehyde in PBS) and incubated in BD Perm/Wash permeabilization buffer (Becton Dickinson, CA, USA) for 15 min at room temperature. Cells were washed and incubated with anti-FoxP3 antibody (Alexa Fluor 647), diluted 1:10, for 30 min. The negative control cells were incubated with the unreacted labeled IgG (Alexa Fluor 647 Rat IgG1Isotype; APC Rat IgG1 Isotype; PerCP-Cy5.5 Rat IgG1). A total of 20,000 CD4+ cells were loaded into a BD Accuri flow cytometer (Becton Dickinson); the resulting histograms were analyzed using the "BD CSampler Software" (Becton Dickinson).

The percentage of Th17 cells was determined by incubating isolated lymphocytes for 12 h with phorbol myristate acetate (PMA, 300 ng/mL) and ionomycin (1 μg/mL) in 800 μL RPMI 1640 medium supplemented with 10% FBS. CD4/IL-17A-positive lymphocytes were identified by sequential staining using specific antibodies. Thus, cells were incubated with anti-CD4 and subsequently in buffer BD Perm/Wash (Becton Dickinson,) for 15 min, followed by incubation with anti-IL-17A antibody PE (1:10) for 30 min, protected from light (PE Rat IgG1). Subsequently, cells were evaluated in a flow cytometer as described above.

Cytokine production by stimulated lymphocytes in vitro {#Sec11}
------------------------------------------------------

Lymphocytes were cultured in RPMI-1640 containing 2 mM glutamine, 24 mM NaH~2~CO~3~, 20 mM HEPES, 10% FBS, and antibiotics (1000 U/mL penicillin and 1000 μg/mL streptomycin) at 37 °C with 5% CO~2~ and 95% atmospheric air. First, lymphocytes (1 × 10^6^ cells) were incubated with PMA (300 ng/mL) and ionomycin (1 μg/mL) in 500 μL medium for 24 h. Afterwards, cells were centrifuged, and the collected supernatant was frozen at − 80 °C. TNF-alpha, IL-17, IL-4, IL-2, IL-10, and interferon (IFN)-gamma concentrations in the supernatant were determined by Cytometric Bead Array (CBA) using the BD™ CBA Th1Th2Th17 Mouse Cytokine Kit (BD Biosciences) and the BD Accuri flow cytometer. The results of CBA experiments were obtained with FCAP Array software (v 3.0). The limit of detection was 0.1 pg/mL for IL-2, 0.03 pg/mL for IL-4, 1.4 pg/mL for IL-6, 0.5 pg/mL for IFN-gamma, 0.9 pg/mL for TNF-alpha, 0.8 pg/mL for IL-17A, and 16.8 pg/mL for IL-10.

Lymphocyte proliferation {#Sec12}
------------------------

The proliferative capacity was assessed by bromodeoxyuridine (BrdU) incorporation into the DNA of cells using the APC BrdU Flow Kit (BD Biosciences). Lymphocytes (1 × 10^6^) were resuspended in 1 mL RPMI-1640 supplemented with 10% FBS containing antibiotics (10,000 U penicillin, 10 mg/L of streptomycin). After centrifugation, lymphocytes were cultured in 96-well plates containing 5 × 10^5^ cells per well and incubated at 37 °C in an atmosphere of 95% air and 5% CO~2~. At the beginning of culture, lymphocytes were stimulated with concanavalin A (5 μg/mL) and incubated with 10 μM BrdU for 48 h. After this period, cells were permeabilized and fixed with BD Cytofix/Cytoperm Buffer (100 μL of 1 × 10^6^ cells at room temperature for 30 min). Afterwards, cells were washed with 500 μL of BD Perm/Wash buffer and incubated with 100 μL of DNAse (300 mg/mL in DPBS) for 1 h at 37 °C. Cells were washed with 500 μL of the BD Perm/Wash Buffer and incubated with 50 μL of BD Perm/Wash buffer containing anti-BrdU antibody conjugated to APC (1:50) for 20 min at room temperature. Cells were washed again as described above and resuspended in 200 μL of PBS (1% bovine serum albumin). Finally, the cells were analyzed by flow cytometry using the BD Accuri (Becton Dickinson). Ten thousand events were acquired per sample in the histograms. The histograms were analyzed using the "BD-C6 Sampler Software" (Becton Dickinson). The results were shown as mean fluorescence intensity. These data indicate that cells with a higher proliferation rate have a higher fluorescence intensity.

Statistical analysis {#Sec13}
--------------------

Results were expressed as the arithmetic mean ± standard error of the mean. For statistical analysis of the results, a two-way ANOVA was performed followed by Bonferroni's post-test. For results of tumor growth analysis, a two-way repeated measurements ANOVA was performed for multiple comparisons using GraphPad Prism, version 6 for Windows (GraphPad). A *p* value ≤0.05 was considered statistically significant.

Results {#Sec14}
=======

Body and adipose tissue weight and food intake {#Sec15}
----------------------------------------------

Table [2](#Tab2){ref-type="table"} lists the mean body weight and Lee index for the eight experimental groups at the end of the experimental period. Although the naso-caudal length did not significantly differ among groups, significant differences in the final body weight were found on the basis of dietary fat intake and exercise. Table 2Characterization of tumor-bearing mice maintained on a high-fat diet and moderate physical exerciseNNEHHENMNEMHMHEMWeight gain (g)•6.2 ± 0.594.28 ± 0.5011.0 ± 1.0\*9.17 ± 1.34\*^\$\ \#^4.03 ± 0.383.47 ± 0.2812.27 ± 1.55^&^11.41 ± 1.28^&¶^Nasal-caudal lengh (cm)17.38 ± 0.0917.23 ± 0.1416.9 ± 0.3616.8 ± 0.217.32 ± 0.1317.26 ± 0.1517.22 ± 0.0917.40 ± 0.1Lee Index (g/cm^3^)1.62 ± 0.021.57 ± 0.021.78 ± 0.021.67 ± 0.031.62 ± 0.011.60 ± 0.01.71 ± 0.411.73 ± 0.02Adipose Tissue♦0.09 ± 0.050.07 ± 0.060.17 ± 0.08\*0.15 ± 0.03\*^\$^0.07 ± 0.050.03 ± 0.020.18 ± 0,1^&^0.17 ± 0.12^&¶^•Weight gain was calculated as follows: final weight − initial weight**♦**Adipose tissue values were calculated as follows: (retroperitoneal + subcutaneous tissue)/initial weight. \**P* \< 0.05 vs N. ^&^*P* \< 0.05 vs NM. ^\#^*P* \< 0.05 vs H. ^\$^*P* \< 0.05 vs NE. ^¶^*P* \< 0.05 vs NEM. N = 9, NM = 8, H = 8, HM = 9, NE = 8, NEM = 8, HE = 8, HEM = 8Normolipidic control (N); Normolipidic + melanoma (NM); High-fat control (H); High-fat + melanoma (HM); Normolipidic control + physical exercise (NE); Normolipidic melanoma + physical exercise (NEM); High-fat control + physical exercise (HE); High-fat melanoma + physical exercise (HEM)

Mice that received a high-fat diet (without a tumor burden) gained nearly twice as much weight as those maintained on a balanced diet (6.2 vs 11.0 g, respectively), whereas exercise significantly reduced the weight gain in animals fed a high-fat diet compared with that in the non-exercised groups. The tumor-bearing animals also gained a significant amount of weight induced by the high-fat diet, and this effect was unaffected by exercise. The total adipose tissue in each group also reflected the dietary regimen, but exercise did not affect this parameter in either the tumor-free or the tumor-bearing groups.

Physical performance and soleus muscle citrate synthase activity {#Sec16}
----------------------------------------------------------------

In order to ascertain the adaptation of animals to aerobic physical exercise training, we measured soleus muscle citrate synthase activity in each of the four diet/exercise groups without a tumor burden over the course of 8 weeks (Table [3](#Tab3){ref-type="table"}). There was a significant time-dependent increase in citrate synthase activity with continuous physical exercise in mice fed a balanced diet or a high-fat diet, suggesting increased respiratory activity in the muscle tissue of these animals (Table [3](#Tab3){ref-type="table"}). The melanoma-bearing groups also showed increased citrate synthase activity with exercise, but this increase was only significant in the mice maintained on a high-fat diet. Animals subjected to exercise training also showed a high physical performance (Normolipidic control vs Normolipidic control + physical exercise, 35%; High-fat control vs High-fat control + physical exercise 26%, respectively), as shown in Fig. [1](#Fig1){ref-type="fig"}. Table 3Citrate synthase activity in soleus muscle of mice maintained on a high-fat diet and moderate physical exerciseNNEHHENMNEMHMHEMCS activity \[nmol.(min.mg protein)\]0.95 ± 0.031.21 ± 0.10\*1.0 ± 0.041.20 ± 0.06^\#^0.98 ± 0.021.07 ± 0.040.87 ± 0.041.08 ± 0.03^&^CS: citrate synthase. \**P* \< 0.05 vs N. ^&^*P* \< 0.05 vs HM. ^\#^*P* \< 0.05 vs H. N = 9, NM = 8, H = 8, HM = 9, NE = 8, NEM = 8, HE = 8, HEM = 8Normolipidic control (N); Normolipidic + melanoma (NM); High-fat control (H); High-fat + melanoma (HM); Normolipidic control + physical exercise (NE); Normolipidic melanoma + physical exercise (NEM); High-fat control + physical exercise (HE); High-fat melanoma + physical exercise (HEM) Fig. 1Evaluation of physical performance in mice maintained on either a high-fat or normolipidic diet and subjected to moderate physical exercise or allowed to remain sedentary. C57BL6 mice were maintained on a diet containing either 60% or 10% of energy from lipids and were either trained on a treadmill at moderate intensity for 8 weeks or were allowed to remain sedentary. Sedentary and exercised mice were subjected to the incremental load test on the treadmill during the first (week 0), fourth, and eighth weeks of the study. Subsequently, B16F10 tumor cells were injected, and physical performance was measured as described in the Methods. Data are presented as mean ± standard error of the mean. \**P* \< 0.05 vs sedentary group. ^\#^*P* \< 0.05 vs week 0. N group, *n* = 8; H group, *n* = 9; NE group, *n* = 8 and HE group, *n* = 9. Normolipidic control (N); High-fat control (H); Normolipidic control + physical exercise (NE); High-fat control + physical exercise (HE)

Melanoma growth {#Sec17}
---------------

To gauge the contribution of diet and/or physical exercise to overall melanoma growth, we measured the tumor volume in the four tumor-bearing subgroups from day 10 to day 31 (Fig. [2](#Fig2){ref-type="fig"}). The high-fat diet significantly increased tumor growth by approximately twice the growth rate in the mice fed a balanced diet. The elevation of the tumor growth rate induced by the high-fat diet was reduced by the continuous exercise regimen. Fig. 2Effect of a high-fat diet and moderate physical exercise on tumor growth after injection of B16F10 tumor cells. C57BL6 mice were maintained on a diet containing either 60% or 10% of energy from lipids and were either trained on a treadmill at moderate intensity for 8 weeks or left untrained. Subsequently, B16F10 tumor cells were injected, and the tumor growth was recorded for 4 weeks as described in the Methods. Data are presented as mean ± standard error of the mean. \**P* \< 0.05 NM versus HM groups. ^\$^*P* \< 0.05 NEM versus HEM; ^&^*P* \< 0.05 between HM versus HEM. NM group, *n* = 8; HM group, *n* = 9; NEM group, *n* = 8 and HEM group, *n* = 9. Normolipidic control (N); Normolipidic + melanoma (NM); High-fat control (H); High-fat + melanoma (HM); Normolipidic control + physical exercise (NE); Normolipidic melanoma + physical exercise (NEM); High-fat control + physical exercise (HE); High-fat melanoma + physical exercise (HEM)

T lymphocyte percentage {#Sec18}
-----------------------

Because Th-17 cells are known to mediate inflammatory changes \[[@CR38]\] and inhibit tumor growth in mice via secretion of specific cytokines \[[@CR39]\], we investigated the relative abundance of this T-helper cell subset in the mesenteric lymph nodes to determine a possible correlation between Th-17 cell number and either diet or exercise or both (Fig. [3](#Fig3){ref-type="fig"}). The percentage of Th17-positive cells did not significantly differ among the groups, indicating that neither diet nor exercise in the presence of tumor affected the proportion of this T-cell population in the mesenteric lymph nodes (Fig. [3](#Fig3){ref-type="fig"}a). Fig. 3Effect of a high-fat diet and moderate physical exercise on the Th17 (**a**) and Treg (**b**) fractions of total CD4+ lymphocytes in lymph nodes of tumor-bearing mice. C57BL6 mice were maintained on a diet containing either 60% or 10% of energy from lipids and were either trained on a treadmill at moderate intensity for 8 weeks or left untrained. Subsequently, B16F10 tumor cells were injected, and animals were evaluated for 4 weeks. T regulatory cells were identified by labeling with anti-CD4 and anti-Foxp3. Th17 cells were identified by labeling with anti-CD4 and anti-IL-17. Data are presented as mean ± standard error of the mean, where, \**P* \< 0.05 versus N. *N* = 9, NM = 8, H = 8, HM = 9, NE = 8, NEM = 8, HE = 8, HEM = 8. Normolipidic control (N); Normolipidic + melanoma (NM); High-fat control (H); High-fat + melanoma (HM); Normolipidic control + physical exercise (NE); Normolipidic melanoma + physical exercise (NEM); High-fat control + physical exercise (HE); High-fat melanoma + physical exercise (HEM)

In contrast, the percentage of Treg lymphocytes was significantly reduced in sedentary animals maintained on high-fat diets compared with that in animals receiving balanced diets, supporting previously published findings about a negative association between Treg and adiposity (Fig. [3](#Fig3){ref-type="fig"}b). Moreover, in the exercised group, the percentage of Treg cells was similar between the high-fat diet group and balanced diet group. Therefore, exercise appeared to attenuate the reduction in Treg cells from the high-fat diet sedentary group in comparison to the control group. However, melanoma-bearing mice exhibited no difference in the percentage of Treg cells based on either diet or exercise.

Lymphocyte proliferation {#Sec19}
------------------------

To gain insight into how exercise and dietary fat intake might affect immune function via changes in functional T-cell populations, we assayed lymphocyte proliferation in mesenteric lymph nodes in each of the eight groups (Fig. [4](#Fig4){ref-type="fig"}). Exercise significantly reduced lymphocyte proliferation in the absence of melanoma compared with that in the sedentary normolipidic control (N). Moreover, the high-fat diet (H) decreased lymphocyte proliferation in comparison to the balanced diet in sedentary animals without tumor burden. The presence of tumor, decreased proliferative capacity of lymphocytes in normolipidic groups. Lymphocyte proliferation is higher in exercised mice from melanoma group in comparison with animals without tumor burden. However, exercise increased lymphocyte proliferation in melanoma-bearing mice compared with that in the sedentary group, regardless of the dietary regimen administered to the animals (Fig. [4](#Fig4){ref-type="fig"}). Fig. 4Effect of a high-fat diet and moderate physical exercise on lymphocyte proliferation in tumor-bearing mice. C57BL6 mice were maintained on a diet containing either 60% or 10% of energy from lipids and were either trained on a treadmill at moderate intensity for 8 weeks or left untrained. Subsequently, B16F10 tumor cells were injected, and animals were evaluated for 4 weeks for lymphocyte proliferation as described in the Methods. Data are presented as mean ± standard error of the mean. \**P* \< 0.05 versus N sedentary; ^&^P \< 0.05 versus HM sedentary; ^a^P \< 0.05 versus NM sedentary; ^b^ *P* \< 0.05 versus H exercise; ^c^*P* \< 0.05 versus N exercise. *N* = 9, NM = 8, H = 8, HM = 9, NE = 8, NEM = 8, HE = 8, HEM = 8. Normolipidic control (N); Normolipidic + melanoma (NM); High-fat control (H); High-fat + melanoma (HM); Normolipidic control + physical exercise (NE); Normolipidic melanoma + physical exercise (NEM); High-fat control + physical exercise (HE); High-fat melanoma + physical exercise (HEM)

Serum leptin {#Sec20}
------------

Because specific signaling molecules governing either adiposity or inflammation could underlie the changes in lymphocyte proliferation and profile observed in response to exercise and/or diet described above, we assayed the serum levels of leptin. There was a marked elevation in the serum levels of leptin in animals fed a high-fat diet (H) compared with those in the control group (N) and a significant reduction induced by continuous exercise in both the tumor-bearing and tumor-free (H) mice (Fig. [5](#Fig5){ref-type="fig"}). The serum levels of leptin were, therefore, associated with the estimated amount of adipose tissue (Table [1](#Tab1){ref-type="table"}). Fig. 5Serum leptin levels in mice with and without melanoma, and with or without high-fat diet and moderate physical exercise. C57BL6 mice were maintained on a diet containing either 60% or 10% of energy from lipids and were either trained on a treadmill at moderate intensity for 8 weeks or left untrained. Subsequently, B16F10 tumor cells were injected, and serum levels of leptin were measured for 4 weeks as described in the Methods. Data are presented as mean ± standard error of the mean, where, \**P* \< 0.05 versus N; ^\#^P \< 0.05 versus H sedentary; ^&^*P* \< 0.05 versus HM sedentary. N = 9, NM = 8, H = 8, HM = 9, NE = 8, NEM = 8, HE = 8, HEM = 8. Normolipidic control (N); Normolipidic + melanoma (NM); High-fat control (H); High-fat + melanoma (HM); Normolipidic control + physical exercise (NE); Normolipidic melanoma + physical exercise (NEM); High-fat control + physical exercise (HE); High-fat melanoma + physical exercise (HEM)

Cytokine secretion by lymphocytes {#Sec21}
---------------------------------

IL-2, IFN-gamma and TNF-alpha secretions were significantly reduced by continuous exercise in the tumor-bearing mice fed a high-fat diet (Fig. [6](#Fig6){ref-type="fig"}). There were no significant differences in IL-4, IL-10, IL-17, and IL-6 secretions by lymphocytes in either the control or tumor-bearing mice receiving either the balanced diet or high-fat diet maintained in either a sedentary or exercised condition. Fig. 6Cytokine levels in the supernatant from cultures of lymph nodes lymphocytes isolated from mice with and without melanoma, either with or without a high-fat diet and moderate physical exercise. C57BL6 mice were maintained on a diet containing 60% or 10% of energy from lipids and were either trained on a treadmill at moderate intensity for 8 weeks or left untrained. Subsequently, B16F10 tumor cells were injected, and cytokine secretion in extracted lymphocytes was measure as described in the Methods. Data are presented as mean ± standard error of the mean, where, ^&^*P* \< 0.05 vs. sedentary high-fat diet melanoma. N = 9, NM = 8, H = 8, HM = 9, NE = 8, NEM = 8, HE = 8, HEM = 8

Discussion {#Sec22}
==========

An imbalance in immune function has been noted in both overweight/obese subjects and animal models of obesity \[[@CR40], [@CR41]\]. Moreover, there is significant evidence indicating that regular moderate physical exercise can have a positive influence on this imbalance by improving the immune response and thus inhibiting early tumor development. In fact, Pedersen et al. \[[@CR42]\] observed that physical exercise attenuated melanoma growth in normal-weight mice. Interestingly, McQuade et al. \[[@CR43]\] found that obesity was predictive of improved response to therapy in male patients with melanoma. To the best of our knowledge, our study was the first to show the impact of moderate physical exercise on tumor growth and tumor non-infiltrated lymphocytes functions in obese mice.

Although the exercise regimen did not statistically change the weight of adipose tissue on comparing the HM and HEM groups, it was able to reduce tumor growth. Physiological changes promoted by physical exercise may have contributed to the reduced tumor growth. There is a clear positive association between obesity and the growth of melanoma cells in mice and a negative effect of exercise on the elevated rate of tumor growth.

In fact, obese animals submitted to exercise had tumor growth rates that were indistinguishable from those in sedentary mice receiving normolipidic diets (Fig. [2](#Fig2){ref-type="fig"}). Extrapolating this data to the clinical setting, we suggest, based on the present results, that the practice of moderate physical exercise throughout life can contribute to a slow tumor progression arising in obese individuals and thus allow the immune system to mount an effective response against the malignancy. Jones et al. \[[@CR44]\] described, in a human breast cancer model, that the amount of voluntary exercise reduces the rate of tumor growth.

Epidemiological, clinical and experimental studies have shown that over nutrition leading to adipose tissue expansion increases the risk of malignant melanoma (MM) and worsens its prognosis \[[@CR1]--[@CR8]\], \[[@CR45]\]. Accordantly, it has been observed that adipose cells can interact dynamically with cancer cells and induce cancer cell growth, invasion and metastasis \[[@CR46], [@CR47]\]. In addition, following the contact with cancer cells, mature adipocytes undergo differentiation or apoptosis, which in turn activates pro inflammatory cytokine secretion both around and within the tumor microenvironment favoring the melanoma growth.

Moreover, our purpose was to observe mesenteric lymph node lymphocyte profile in these different models of melanoma tumor: mice submitted to physical exercise and/or high fat diet. Therefore, other important mechanisms can be modulated by physical exercise and influence tumor growth. Likewise, studies conducted on an animal model of prostate cancer (Copenhagen or nude mice) reported that moderate exercise reduces tumor hypoxia, promoting the generation of ROS and leading to a less aggressive tumor phenotype \[[@CR48]\]. In addition to increased ROS, other possible mechanisms underlying the beneficial effect of exercise in slowing tumor growth include the reduction in inflammatory mediators such as IFN-gamma and leptin.

Leptin is a satiety hormone acting in the hypothalamus to reduce hunger \[[@CR49]\], but other studies have described pro-inflammatory, anti-apoptotic, and pro-angiogenesis actions of this hormone, indicating that it plays an important role in the stimulation of tumor growth \[[@CR4], [@CR5]\]. In our study, the serum levels of leptin were increased in mice fed a high-fat diet; this is one possible explanation for the increased growth rate of melanomas explanted into mice in this cohort. Physical exercise reduced the serum levels of leptin in both melanoma-free and tumor-bearing mice, as shown in Fig. [5](#Fig5){ref-type="fig"}.

Based on the study of Lord and colleagues \[[@CR50]\] and the revision of Faggioni et al. \[[@CR3]\] leptin has a potent action both in the innate and adaptative immune responses. Firstly, it is important to mention that the leptin receptor belongs to the class I of cytokine receptor family, which includes common signal-transducing components with IL-6-related family of cytokines such as IL-6, IL-11, LIF, CNTF, and oncostatin M. In special, it has been demonstrated that the leptin action on lymphocytes includes: 1) enhance in the proliferative response of human peripheral blood lymphocytes by acting on naive T lymphocytes; 2) increase in the expression of activation markers CD69, CD25, and CD71 in CD4+ and CD8+ cells; 3) regulation of cytokine production by T lymphocytes; 4) polarization of the T helper (Th) cells towards a Th1 phenotype by enhancing proliferation and IL-2 production of naive T cells; 5) raise in the IFN-gamma and decrease in the IL-4 production in memory CD4+ T cells; and 6) up-regulation of the expression of adhesion molecules, such as VLA-2 and ICAM-1, on CD4+ T cells.

More specifically, human Treg cells express leptin and its receptor (LepR), being highly expressed in freshly isolated Treg cells. It seems to be responsible for the in vitro anergic phenomena observed in this cellular subset. It was demonstrated that leptin receptor-deficient (db/db) mice display marked increase in the number and suppressive function of Treg cells. Treg lymphocytes are also associated with immunological tolerance due to their ability in inhibiting the activity of other immune cells. Changes in the percentage and function of these cells are associated with tumor progression \[[@CR51]\]. In our study, we explored an important association between serum leptin levels and tumor non-infiltrated lymphocyte function based on the fact that serum levels of leptin were increased in mice fed a high-fat diet. Furthermore, we speculate that the decreased serum levels of leptin occurring with the moderate exercise program could play a role in reducing the inflammatory response in obese mice because leptin, acting via specific receptors, has been previously shown to downregulate the expansion of Treg cells, while exerting opposite effect on lymphocytes involved in inflammation \[[@CR52]\]. These earlier observations are consistent with the inverse effect of exercise on leptin levels and the percentage of Treg cells that we also observed in the mice lacking melanoma. Treatment with the high-fat diet led to a low percentage of Treg lymphocytes compared with that in the group fed the normolipidic diet, and exercise in the high-fat group mantained the Treg value toward a similar value from that of balanced diet-fed group (Fig. [3](#Fig3){ref-type="fig"}). The significant effect of exercise on Treg concentration in the high-fat fed group, however, was not observed in the tumor-bearing animals (Fig. [3](#Fig3){ref-type="fig"}). Therefore, the decrease in leptin levels in exercised obese mice may suppress inflammation that would otherwise permit the occurrence of a critical initial phase of tumor development. However, future studies investigating leptin signaling in lymphocytes by using leptin receptor knockout mice will be important to evidence this relationship in melanoma models.

Mice fed a high-fat diet that participated in physical exercise training (HEM) had a low production of IL-2 and IFN-gamma (13.4 ± 2.2 and 24.0 ± 9.7 pg/mL, respectively) compared with that in the group fed the high-fat diet without exercise (563.3 ± 353.2 and 144.7 ± 87.0 pg/mL, respectively). Th1 cells, are characterized by secretion of IL-2, IFN-gamma and TNF-alpha, that are inflammatory cytokines related to recruitment of other leukocytes \[[@CR53]\]. The data of present study suggest that Th1 immunity, is markedly reduced in melanoma-bearing animals fed a high-fat diet and engaged with physical exercise. In regard to a possible mechanism for the exercise effect, Kawanishi et al. \[[@CR54]\] reported that physical exercise contributes to the inhibition of inflammation through the negative regulation of Toll-like receptor-4, and this effect could offer, at least in part, an explanation of the effect of exercise on these inflammatory cytokines.

Although Th1 immune response is associated with better antitumor response, the reduced levels of the cytokines related to this type of immune response found in the HEM group did not show impairment of the capacity of physical exercise decrease the tumor growth. Regarding the reduction of Th1 cytokines observed in HEM group, Jovicic and collaborators \[[@CR55]\] showed that C57BL/6 mice treated with high-fat diet presented higher serum levels of IL-6, IL-13 and TGF-β than the normal diet group. In addition, the chronic strenuous-exercise increased basal glucocorticoid levels as well as catecholamines levels during exercise, which could favor Th2 immune response. These results provide evidence that these stress hormones released during exercise can selectively amplify Th2 responses while suppressing Th1. In fact, Dunn et al. \[[@CR56]\] described tumor growth occurring in several different phases: elimination, balance, and escape. In the elimination phase, infiltrating immune cells into the tumor microenvironment play a role in immunological surveillance to identify and eliminate malignant and/or pre-malignant immunogenic cells recognized as foreign due to their transformation. In the balance phase, the immune cells continue to be effective in immune surveillance and the destruction of most malignant cells. However, there is an essentially "Darwinian" selection of tumor cells in which transformed cells become resistant to immunologic action and proliferate to form expanding tumor clones. In the escape phase, cells from these resistant clones are able to fully escape from the immune system due changes occurring in the immune system itself, involving altered cytokine levels and changes in specific T-cell ratios. In our study, the phase of melanoma tumor is characterized by an inflammatory status that is typical of the escape phase and tumor progression. Therefore, the decrease of inflammatory cells and mediators may be beneficial to a slowly tumor growth. This effect was promoted by physical exercise.

Furthermore, in relation to the findings that exercise-training was able to reduce the tumor growth in HEM group, Hojman and collaborators \[[@CR57]\] reported that the control of cancer progression can be achieved by exercise training through direct effects on tumor intrinsic factors (growth rate, metastasis, tumor metabolism, and immunogenicity), or by regulating tumor growth through interplay with systemic factors, among other effects. By the way, intratumoral signaling networks are highly modifiable and modulated by numerous extrinsic factors which can be affected by exercise, such as increase in blood flow, shear stress, pH regulation, heat production, and sympathetic activation and endocrine effects (for instance, stress hormones, myokines, and circulating exosomes).

In this respect, in 2016, Pedersen and collaborators \[[@CR42]\] showed that voluntary wheel running was able to decrease tumor growth through an exercise-dependent mobilization and redistribution of cytotoxic immune cells, as CD8+ and natural killer (NK) cells. These mobilization and redistribution of the immune cells occurs through mechanisms involving blood-flow-induced shear stress and adrenergic signaling \[[@CR58]\]. In addition, the marked exercise-mediated suppression of tumor growth, could be attributed to the elevation of the levels of immune-attractant chemokines and NK cell-activating receptor ligands in the tumor microenviroment that associated with the increased epinephrine levels leads to mobilization of NK cells. Furthermore, another exercise-related physical factor, as increased body temperature can be also able to increase immune cell trafficking and function \[[@CR59]\], since that hyperthermia can control and delay tumor growth through enhancement of intratumoral NK cell infiltration \[[@CR60], [@CR61]\]. These effects can be attributed to the fact that increased body temperature enhances immune cell trafficking by increasing the diameter of the intratumoral blood vessels. In addition to this physical effect, increased body temperature modifies the tumor vasculature by inducing IL-6 trans signaling, making the vasculature more permissible for cytotoxic T cell trafficking into the tumors \[[@CR61]\].

An increase in the overall lymphocyte proliferation was observed in the melanoma-bearing animals on an exercise regimen in both the normolipidic \[[@CR62]\] and high-fat groups (Fig. [4](#Fig4){ref-type="fig"}). This result was the opposite of that observed in the tumor-free animals, in which exercise significantly reduced the lymphocyte proliferation in the normolipidic group (N). In addition, lymphocyte production was significantly reduced in the sedentary high-fat diet-fed group (H) compared with that in the sedentary normolipidic (N) group, and the reduction in proliferation in the high-fat diet-fed group was not affected by the moderate exercise regimen (Fig. [4](#Fig4){ref-type="fig"}). In our study, differential effects of the high-fat diet and exercise regimen on various lymphocyte subsets (e.g., B vs. T; cytotoxic T vs. Treg) could account for the complex pattern of lymphocyte proliferation. One possibility is that the increase in lymphocyte proliferation with exercise in the tumor-bearing animals reflects an increased number of effector T lymphocytes, as T-cells reactive with tumor antigens undergo clonal expansion, but changes in other lymphocyte subpopulations contribute to the increased lymphocyte proliferation. Thus, future studies must be conducted to evaluate the effect of diet and exercise on specific T-cell types affecting tumor progression, because tumor growth is directly modulated by the function of CD4+ cells controlling tumor tolerance and by inflammatory cells augmenting tumor growth \[[@CR63], [@CR64]\].

In contrast with the results of proliferation, the release of IL-2 was decreased by physical exercise. It is worth to clarify that in the lymphocyte proliferation assay, cells were stimulated with ConA, a well-known mitogen agent, where the influence of IL-2 in T cell proliferation in this situation is minimized. In addition, it is also important to mention that in the assessment of cytokine production by lymphocytes in vitro, we used other agents as PMA and ionomicin. PMA activates protein kinase C, while ionomycin is a calcium ionophore; and stimulation with these compounds bypasses the T cell membrane receptor complex and leads to activation of several intracellular signaling pathways, resulting in T cell activation and production of a variety of cytokines, as well IL-2. Therefore, there are other important mediators that may influence T cell proliferation in the condition studied. In our model, we suppose that IL-2 is more involved with Th cell differentiation and less with proliferation. In fact, it has been demonstrated that exercise training increases lymphocyte proliferative response in cells from patients with chronic obstructive pulmonary disease \[[@CR65]\]. One interesting study of Hutnick et al. \[[@CR66]\] also showed that breast cancer patients submitted to moderate exercise following chemotherapy presented an elevated level of lymphocyte proliferation when cells were stimulated with ConA, without alterations of cytokine secretion. These results corroborate the findings reported in our study indicating that there are other factors modulated by physical exercise that may improve lymphocyte response in different tumor models.

Specific mechanisms that could transduce the observed effects of diet and/or exercise include T-cell suppression by inhibitors released by the tumor and the recruitment of T lymphocytes to the tumor site, which could inhibit actions of other leukocytes secreting pro-tumorigenic cytokines \[[@CR67], [@CR68]\]. Zaidi et al. \[[@CR69]\] reported that IFN-gamma plays a crucial role in melanoma growth in neonatal mice exposed to UV radiation. In that study, the inhibition of IFN-gamma promoted a decrease in the inflammatory response associated with melanoma development. The decrease in lymphocyte IFN-gamma production promoted by physical exercise in obese mice suggests that blockage of this cytokine secretion caused by exercise plays a role in reducing tumor growth rate.

Tumor development is involved with some signaling pathways of the inflammatory response, such as the activation of transcription factors, including STAT3 and NF-kB, which are activated by growth factors \[[@CR14]\]. IL-6, epithelial growth factor and vascular endothelial growth factor activate STAT3, thereby promoting increased expression of the anti-apoptotic Bcl-xL protein, which induces tumor cell survival, and preventing the synthesis of cytokines and growth factors that prevent the maturation of dendritic cells and decrease the recruitment capacity of CD8+ and NK cells.

Among the signaling pathways of inflammation that intersect between physical exercise training and the different stages of cancer, we can highlight the effects of physical exercise on the inflammatory response mediated by cytokines. The major cytokines already studied are IL-6 and IL10, IFN-alpha and gamma, and TNF-alpha. IL-6 may be increased by acute physical exercise but the intensity and duration may influence it concentration. However, IFN-gamma and TNF-alpha are decreased as a chronic adaptation to training \[[@CR70], [@CR71]\]. It is known that physical exercise activates the neuroendocrine system, releasing the corticotropin-releasing factor (CRH) and adrenaline by the sympathetic neurons and leading to the activation of the neuroendocrine system and the neuroendocrine axis \[[@CR72]\]. The cytokines IL-10 and IL-4, produced by Th2 lymphocytes, are stimulated by glucocorticoids; this may be a form of protection against excessive production of proinflammatory cytokines \[[@CR73]\]. This regulation corroborates the results observed in our study, which was characterized by the decrease in cytokine production by Th1 lymphocytes with inflammatory characteristics in the HEM animals in relation to the HM animals, evidencing a possible action of exercise on the modulation of the immunoinflammatory and neuroendocrine axes.

It is essential to highlight that this is the first study to investigate the effect of moderate physical exercise on tumor non-infiltrated lymphocytes in melanoma condition. The investigation of these cells are extremely important in clinical aspects due to the fact that understanding mechanisms to promote improvement in the lymphocyte function may lead to a better response to cancer treatments, including chemotherapy as demonstrated by Hutnick et al. \[[@CR66]\].

Conclusions {#Sec23}
===========

In conclusion, a high-fat diet not only induced obesity but also favored melanoma growth. When the high-fat diet-fed animals were concomitantly submitted to a regimen of moderate physical exercise, melanoma growth was significantly reduced. Other important changes with exercise in high-fat diet-fed animals bearing tumors were increased and tumor non-infiltrated lymphocytes proliferation, decreased serum levels of leptin, and decreased production of cytokines involved in the Th1 response, which would suggest a decrease in chronic inflammation that accompanies both obesity and tumor development. The decreased Th1 response might play a major role in decreasing tumor volume and tumor weight. The results of the present study support the hypothesis that altering function of tumor non-infiltrated lymphocytes via exercise-related mechanisms can slow melanoma progression, indicating that the incorporation of a regular practice of moderate-intensity exercises can be a potential strategy for current therapeutic regimens in treating advanced melanoma. A summary of the results is reported in Fig. [7](#Fig7){ref-type="fig"}. Fig. 7Representative scheme of the results. (**a**) Results observed in the animals fed the high-fat diet + melanoma (HM). (**b**) Results of the association between the high-fat diet and physical exercise
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